Task-induced changes in regional cerebral blood flow (rCBF) during memory activation were com pared in 18 right-handed patients with early Parkinson's disease (PD) and 20 normal volunteers using the same activation paradigm. We used single-photon emission computed tomography and 133Xe in 21 regions of interest during rest, passive listening of a word list, and memori zation of another word list, which was followed by a free recall test immediately after completion of the rCBF mea surement. The average performance on free recall was not significantly lower in PD patients than in controls. In normal subjects, five left-sided regions (anterior middle frontal, posterior inferior frontal, superior middle tempo ral, thalamic, and lenticular) showed a significant in-
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With regard to memory impairments, disorders in free recall of recently presented stimuli are one of the subtle cognitive deficits that have been reported in the early stages of PD (Brown and Marsden, 1990; Dubois et aI., 1991) . The absence of any ex ternal clue in a free recall task implies that subjects crease in memorizing compared to passive listening. This pattern of activation suggests the existence of a verbal rehearsal strategy during the memorization task in nor mals. In PD patients, increases in these regions did not reach significance, whereas sIgnificant activations were noted in superior prefrontal regions. Such alterations in the pattern of activation in PD patients, despite a memory performance similar to that of controls are viewed as a consequence of an early dysfunction of the articulatory loop system and of compensatory mechanisms in other parts of the frontal lobe emerging in the early stages of the disease. Key Words: Memory-Parkinson's disease Regional cerebral blood flow-Single-photon emission computed tomography. resort to self-generated memorization strategies to achieve the task. According to Brown and Marsden (1988) , such self-generated strategies are impaired in PD patients and this impairment is viewed as an integral part of the frontal lobe dysfunction associ ated with PD. Moreover, a working memory disor der has been described in the prefrontal cortex of monkeys that have received a dopamine antagonist (Sawaguchi and Goldman-Rakic, 1991) .
CBF studies in PD, performed in the resting state, failed to demonstrate a significant difference in global flow (Montastruc et aI., 1987; Playford et aI., 1992) even though other results from our group have pointed to a moderate but not significant hy poperfusion of subcortical regions (Agniel et aI., 1991) . In contrast, activation studies, using motor tasks, showed a significant difference in rCBF changes between normal subjects and PD patients (Jenkins et aI., 1992; Rascol et aI., 1992) .
In such an experimental and theoretical context, the present study addressed whether a memoriza tion task during rCBF measurement, followed by a free recall test, may also induce a difference in rCBF reactivity between normal subjects and PD patients. In accordance with the above-mentioned hypothesis of a frontal lobe dysfunction in PD and with previous results observed in normals , we assumed that the activation pattern in PD patients would demonstrate frontal dysfunction under this memory task.
SUBJECTS AND METHODS

Subjects
SUbjects were 20 normal volunteers (12 women, 8 men) and 18 patients with PD (7 women, 11 men). Subjects included in the normal group were volunteers participat ing in a longitudinal study of rCBF and cognitive changes in normal aging. They had a normal clinical examination and their computed tomography (CT) scan was described as normal (neither brain atrophy nor focal lesion) by a trained neuroradiologist.
All patients were recruited from the Department of Neurology, Hopital Purpan, Toulouse, France. A clinical diagnosis of idiopathic PD was confirmed by trained neu rologists, according to the United Kingdom Parkinson's Disease Society Brain Bank clinical diagnostic criteria (Gibb and Lees, 1988) . Other criteria were also applied to exclude from the study patients with either progressive supranuclear palsy (Lees, 1987) or multiple system atro phy (Quinn, 1989) . All patients were in early stages of PD (mean duration, 21 ± 14.6 months; range, 1-4 years; Hoehn and Yahr stages, I-II). Nine patients had predom inantly right-sided parkinsonism and six had predomi nantly left-sided parkinsonism, whereas motor impair ment was symmetrical in the remaining three patients. In all patients, the CT scan was described as normal (neither brain atrophy nor focal lesion) by a neuroradiologist. In nine patients only, trihexyphenidyl (three patients, 4 mg! day), bromocriptine (four patients; dose range, 30-40 mg/ day), or L-DOPA (two patients; 325 and 625 mg/day, re spectively) were administered. Medications were stopped 48 h before the study. The mean Unified Parkinson's Dis ease Rating Scale score (obtained in the washing-out pe riod) was 12 ± 7.
All subjects were French-speaking and right-handed according to the Edinburgh score. No significant differ ences were found between the normal group and the pa tient group in terms of years of education. Normal sub jects (mean age, 64.3 ± 5.4 years) were slightly but sig nificantly (p < 0.004) older than patients (mean age, 58.7 ± 5.8 years). This slight difference was not thought to have any significant influence on either rCBF (Marchal et aI., 1992) or vascular reactivity to activation (Yamaguchi et aI., 1979) .
Neuropsychological assessment was performed in PD patients and normal subjects [Rey figure, digit span, log ical memory, paired-word list learning (Wechsler, 1945); Table 1 ]; no significant difference in scores was found between the two groups (t tests). Cognitive and motor performance did not differ between patients with right sided and patients with left-sided parkinsonism.
CBF measurement
Regional CBF was measured using a fast-rotating sin gle-photon emission computed tomograph (Tomomatic 64; Medimatic, Copenhagen, Denmark) and an intrave- nous injection of 133Xe (2200 MBeq). Data were collected from three transverse slices simultaneously, each 2 cm thick, parallel and centered at 1, 5, and 9 cm above the orbitomeatal plane, respectively. The in-plane resolution was 1.7 cm. The subject's head was positioned appropriately ac cording to an external grid. Marks were also drawn on the skin of the subject's face and a photograph of the head and of these different marks was used to readjust the head position from one scan to the other.
During the 4-min data collection, P aco2 was continu ously recorded using a cutaneous electrode and a Paco2 monitor (Kontron 634; Kontron, Basel, Switzerland). rCBF was calculated using a method described previ ously (Celsis et aI., 198 1) , Reconstructed images of rCBF were processed in a microcomputer (MacIntosh II; Ap ple, Cupertino, CA, U.S.A.).
With respect to the spatial resolution of our tomo graphic system, it was not possible to perform a group analysis on a pixel-by-pixel basis. For this reason, we chose to analyze the results using 21 regions of interest (ROIs) (Fig. 1 ). The ROIs were determined according to a visual analysis of the images and based on data of an anatomical atlas (Talairach and Tournoux, 1988) . The main topographical features used were based on two hor izontal lines easily visible on each rCBF image of the mid slice ( Fig. 2a and b ). An anterior line corresponded to the posterior edge of the mesial frontal cortex and a posterior line corresponded to the posterior pole of the thalamus. Once the shape and topography of the ROIs were deter mined, the ROIs were superimposed on each of the cor responding rCBF slices using interactive software on the Macintosh II. We must admit that, because of the spatial resolution of the tomograph, the values in such ROIs may represent only a partial value of the specified anatomical regions. Moreover, because of these limits, the left and right supplementary motor areas (SMAs) could not be distinguished and these two regions were joined in one ROI (Fig. 1 ).
Activation paradigm
The paradigm consisted of three experimental condi tions lasting 4 min (i.e., the duration of the rCBF mea surement)-rest, passive listening, and memorization which were presented in this order in all subjects. In the three conditions, subjects were lying in a quiet darkened room with eyes closed and earphones inserted biaurally. Subjects underwent the three CBF measurements in the same day, with an interval of 60 min between conditions.
During the rest condition, subjects were asked simply to relax, and no signal came from the earphones. Most of the noise subjects could hear was the constant back ground noise from the SPECT camera. The listening con- dition consisted of passive binaural listening to words via earphones. Thirty-six bisyllabic concrete nouns were pre sented at a rate of 9 words/min. The subjects were told just to listen to words, without processing them in a par ticular way.
In the memorization condition, a list of 12 concrete bisyllabic nouns was presented binaurally three times in the same order. These words were different from those used in the listening condition and could not be easily clustered in any clear-cut semantic categories. Subjects were instructed that they would hear the same word list three times during the experiment. They were asked to memorize as many words as they could since they would have to recall the words freely in any order immediately after the rCBF datum collection. No instruction was given about memorization strategies but subjects were asked to refrain from subvocalization during the task. Performance on this memorization task was assessed in two ways. First, immediately after CBF collection, sub jects were asked to recall as many words as possible in any order. The subjects' responses were tape-recorded. Second, a word recognition test was performed in which the 12 target words were mixed with 12 words from the list used in the listening condition. Subjects were asked to identify the words they had had to learn. They were not informed that distractors came from the listening condi tion. The numbers of hits and false alarms were collected.
Statistical analysis
To study functional activity changes, we used the mean rCBF calculated in each of the 21 ROIs, and not normal ized data. Indeed, the covariance method described with positron emission tomography (PET) by Friston et at. (1990) was not suitable for our method of CBF calculation with SPECT (the number of pixels being too low), and the use of normalized data obtained by division by the global CBF may induce spurious activation effects (Lagn!ze and Hartmann, 1993), although further analyses using such normalized data demonstrated results congruent with those described below. Thus, a three-factor (condition x ROI x group) analysis of variance (ANOV A) for absolute rCBF was performed first. Then for each ROI, across condition comparisons were designed in each group of subjects using a one-factor ANOV A with repeated mea sures. To avoid alpha risk (particularly that related to the effect of global, nonspecific CBF changes), pairwise com parisons between conditions were performed using post hoc Scheffe tests with a significance threshold of p < 0.0 1 (Snedecor and Cochran, 1989) . Since sensory effects of auditory input may confound the expected specific effects of memorization processes, auditory input effects were assessed by the listening-rest comparison, whereas spe cific memorizing effects were studied using the memori zation-listening comparison.
Regions of Interest
RESULTS
Subjects' performance on recall tasks
On the free recall task, no significant difference (Mann-Whitney U test) in terms of number of words recalled was found between the patient group (mean = 9.28 ± 2.4) and the normal group (mean = 10.5 ± 2.3). However, the distribution of maximum performance differed significantly between the two groups; recall of the whole list (12 words) was achieved by fewer PD patients (n = 4) than normal subjects (n = 11) (Xl = 4.26, p < 0.05).
On the word recognition task, the number of hits was not significantly different between PD patients (mean = 11.3 ± 1.2) and normal controls (mean = 11.6 ± 0.9), whereas significantly more false alarms (Mann-Whitney U tests, p < 0.05) were observed in PD patients (mean = 1.5 ± 1.7) than in normal subjects (mean = 0.6 ± 1.7).
rCBF changes
The rCBF values observed for each condition in each of the 21 ROls and in the two groups of sub- Ant-mid frontal, anterior-middle frontal; post-inf frontal, posterior-inferior frontal; sup-mid temporal, superior-middle temporal; post temp occip, posterior temporal and occipital; sup frontal, superior frontal (see Fig. I ).
jects are listed in Table 2 . As examples of data ob tained in individuals, Fig. 2a -f provides images of rCBF observed in a normal subject and in a PD patient.
A three-factor (condition x ROI x group) ANOV A revealed significant differences according to condition (p < 10-4 ) and to ROI (p < 10-4 ), whereas no significant effect was associated with group, even though CBF tended to be slightly lower in the PD group than in the normal group. Signifi cant interactions were as follows: condition x ROI (p < 10-4 ), group x ROI (p < 10-4 ), and condition x ROI x group (p = 0.015). No significant differ ences in rCBF were found between patient sub groups with lateralized parkinsonism and normal subjects, as observed previously .
In each group of subjects and in each ROI, a one factor ANOV A revealed significant across condition differences in rCBF in most of the ROIs.
In the normal group, differences were not signifi cant in only four ROIs: the superior frontal regions, SMA region, and left medial occipital region. In the PD group, significant differences were found in the following ROIs: the superior frontal regions, left medial frontal region, anterior-middle frontal re gions, posteroinferior frontal regions, right supe rior-middle temporal region, right lenticular region, and thalamic regions.
Post hoc pairwise comparisons (Scheffe tests) be tween conditions demonstrated different patterns of rCBF increases in the two groups of subjects, as suggested by the significant interactions observed in the three-factor ANOVA.
Comparisons between the rest and the listening conditions revealed significant rCBF increases for listening only in the cerebellar hemispheres in nor mal subjects. No significant rCBF changes were ob served in PD patients.
Comparisons between the memorization and the Fig. 3) were as fol lows. In the normal group, a significant increase in rCBF for memorization was observed in the left posterior-inferior frontal region (p < 0.002) and, to a lesser extent, in four other regions in the left hemi sphere in the medial slice [orbito-meatal (OM) + 5 cm]: the anterior-middle frontal, superior-middle temporal, lenticular, and thalamic regions. Trends toward significance were also observed in other re gions (Fig. 3) .
The pattern of activation was completely differ ent in the PD group. Significant rCBF increases for memorization were observed in the upper slice (OM + 9 cm) and not in the medial slice, even though some trends were noted at this level. Significant increases in memorization were observed in the su perior frontal region in both hemispheres.
The same pattern of activation was observed in the memorization-rest comparison, even though significant increases were also noted in some addi tional ROIs (including the cerebellum), which might be related to the nonspecific effects of the memori zation task compared to rest.
DISCUSSION
Despite the poor spatial resolution of our SPECT technique compared to that of PET, this study dem onstrated clear differences between a group of PD J Cereb Blood Flow Metab, Vol. 14, No.3, 1994 patients and a group of normal controls in terms of brain activation during listening and memorization tasks. When the listening condition was compared to rest in normal subjects, the only significant rCBF increase was localized in the cerebellum, which was also activated in the memorization-rest compari son. No significant increase was observed in PD patients. This finding may reflect the involvement of the cerebellum in language input processes. In deed, auditory stimulation evokes potentials in the cerebellar cortex (Carpenter, 1976) , and cerebellar activations have been reported during single-word processing (Petersen et al., 1989) and during other mental activities (Decety et aI., 1990) . Although still poorly specified, the possibility that parts of the cerebellum play a role in some cognitive functions seems reasonable (Schmahmann, 1991) . Apart from a slight trend in the left thalamus, the articulatory system did not seem to be elicited in the PD patients while memorizing the word list. How ever, these patients, who were in early stages of the disease, performed quite well, as the number of words recalled in the PD group did not differ signif icantly from that observed in the normal group. We think that, in PD patients, even in early stages of the disease, the dopaminergic deficit in the nigrostriatal pathways induces a functional depression of the corticosubcortical neural loops involved in the ar ticulatory system, which subserves chiefly the memorization performance in normal subjects.
Such a hypofunction of the motor system has been observed in other studies of isotopic brain imaging using hand movements as motor activation proce dures (Playford et aI., 1992) and the indirect role of the dopaminergic deficit has been further demon strated using SPECT or PET (Jenkins et aI., 1992; Rascol et aI., 1992) . 
